The Transmission Electron Microscopy (TEM) and Energy Dis persive Spectroscopy (EDS) were used to determine morphology and elemental composition of a variety of freshly emitted soot par ticles (acetylene flame, candle flame, kerosene flame, diesel exhaust, electric arc, plastic burning, styrofoam burning, wood burning [white oak and pine bark], and rice straw burning), which can be possible candidate soot in the ambient atmosphere, and ultrafine particles sampled in urban, industrial, and coastal sites during ul trafine particle formation events (combustion and photochemical events). By using mobility-classified non-refractory ((NH 4 ) 2 SO 4 ) and refractory (Polystyrene latex (PSL) and salt (NaCl)) parti cles, limitation of the TEM was tested. Data showed that the TEM method can be used to examine shapes of both volatile particles such as (NH 4 ) 2 SO 4 (100 nm) at low, but not high magnification (refer to low and high beam intensity, respectively), and non volatile particles like NaCl (100 nm) and PSL (84 nm) at either low or high magnification. Distinct differences in morphological properties such as primary particle diameter, fractal dimension, and microstructure were observed among the different types of fresh soot particles. The atmospheric ultrafine particles were clas sified as agglomerates, sulfate mixtures (spherical), metallic oxides (spherical and polygonal), C-rich refractory (not agglomerated), C-rich non-refractory (not agglomerated), Si-rich (spherical), Na rich (porous), or P-containing (non-spherical) particles. At the ur ban Gwangju site, a higher fraction of fresh and aged agglomerates was observed than at other sites. The C-rich non-refractory and sulfate mixtures were often observed in the photochemical event. The C-rich refractory particles were abundant at the Gwangju and Yeosu sites. The coastal Taean site had few agglomerates due to limited anthropogenic combustion source.
INTRODUCTION
Fine and ultrafine particles in the ambient atmosphere are of current interest due to their potential impact on human health, radiation balance, cloud formation, visibility impairment, and atmospheric chemistry. In particular, ultrafine particles (<100 nm) may have especially high levels of toxicity and reactiv ity due to their elevated surface-area-to-volume ratio (Peters et al. 1997; Oberdorster ¨2000) . A high concentration of ultrafine particles may also lead to an increase in alveolar deposition, as has been reported in animal studies and in vitro cell studies (Oberdorster ¨et al. 2005) . It has been shown that the morpholog ical properties of atmospheric particles play an important role in their transport behavior, deposition patterns in the human respiratory system (Oberdorster ¨2001) and interactions in the human lung (Stearns et al. 2001) . Optical properties of irregular particles may significantly differ from a compact sphere (Bond and Bergstrom 2006) .
Atmospheric ultrafine particles are either emitted directly from a wide range of sources or formed by gas-to-particle con version processes. The major types of ultrafine particles in the ambient atmosphere include sulfates, nitrates, and ammonium (Friedlander 2000) and carbonaceous particles which are com prised of both organic and elemental carbon (OC and EC), and the OC can dominate the bulk mass of soot (50-90%) (Katri nak et al. 1992) , depending on the type of sources and pro cesses (Szidat et al. 2007; Grieshop et al. 2009 ). Soot particles are defined here as carbonaceous particles having an irregu lar agglomerate structure consisting of spherical primary par ticles (Xiong and Friedlander 2001; Park et al. 2003; Wentzel et al. 2003; Hu and Koylu 2004; Jung et al. 2004; Park et al. 2004; Kocbach et al. 2006 ). They originated from a variety of anthropogenic combustion sources and biomass burning (Friedlander 2000; Xiong and Friedlander 2001) . The morphol ogy of particles has been found to differ among sources and com bustion conditions. For example, vehicle exhaust particles (i.e., typically produced from high temperature combustion process) are usually highly agglomerated having a high surface-area to-mass ratio (Kocbach et al. 2006) . The morphologies of ul trafine particles on and near a freeway were found to be ag gregate, electron-opaque sphere, electron-transparent sphere, irregularly shaped particles, and particles with multiple inclu sions (Barone and Zhu 2008) . Polymer burnings, such as plas tic bags and styrofoam, usually occurring in waste incinera tors, can produce soot particles with highly toxic substances (e.g., dioxin). Burning biomass fuels (e.g., woods, agricultural residues, etc.) through a variety of different combustion pro cesses (e.g., flaming and smoldering) can emit a range of car bonaceous particles (Posfai et al. 2003) . Particles from biomass burning can also contain toxins due to the inclusion of cellu lose, hemicellulose, and lignin in the biomass fuel (McKenzie et al. 1995) . Due to the high surface-area-to-mass ratio of the agglomerated soot particles, they may have high ability of re activity, and provide condensational sink for toxic vapor com pound such as dioxin. Most previous studies have focused on morphological properties of specific soot particles from flame and diesel engines (Dobbins 2007) , vehicle exhaust and res idential wood smoke (Kocbach et al. 2006) , diesel and Palas (Wentzel et al. 2003) , or biomass burning (Posfai et al. 2003) rather than comparing morphological properties among a vari ety of soot particles. In addition to those soot particles, spher ical or non-spherical sulfates, organics, metals, and so on can constitute the atmospheric ultrafine particles in an urban area (Friedlander 2000) . Although there have been a lot of stud ies on morphological and elemental properties of ultrafine par ticles (Maynard 2000) , there has been limited database on the properties of atmospheric ultrafine particles during ultrafine particle formation events (photochemical and combustion event).
In this study, limitation of the Transmission Electron Mi croscopy (TEM) (i.e., high vacuum condition and high elec tron beam intensity) was first tested by using mobility-classified non-refractory (e.g., ammonium sulfate ((NH 4 ) 2 SO 4 )) and re fractory (Polystyrene latex (PSL) and sodium chloride (NaCl)) particles. Morphology and elemental composition of a variety of freshly emitted carbonaceous soot particles from acetylene flame, candle flame, kerosene flame, diesel exhaust, electric arc, plastic burning, styrofoam burning, wood (white oak and pine bark) burning, and rice straw burning, which can be possible candidate soot in the ambient atmosphere, were then examined. Atmospheric ultrafine particles were classified into several dis tinct types according to their morphology and elemental com position sampled in urban, industrial, and coastal sites during ultrafine particle formation events (photochemical and combus tion events). Additionally, the number of each type of particles at the different sites was determined.
EXPERIMENTAL
Figure 1 provides a schematic outline of the current exper imental setup. Atmospheric ultrafine particles were sampled at three different sites (Gwangju, Yeosu, and Taean in Korea). De tailed description on the sampling sites was given in our previous paper (Park et al. 2008) . Gwangju is an urban site surrounded by multiple pollution, including agricultural, traffic, industrial, and residential activities. Yeosu is an industrial site, located in a coastal area where petrochemical and steel manufacturing industries are present, and Taean is a coastal and continental background site. The atmospheric particles were drawn through a PM 10 inlet, dried out by a dryer (Nafion MD-110, USA), and introduced into either the Differential Mobility Analyzer (DMA) or the Scanning Mobility Particle Sizer (SMPS). The SMPS consisted of a DMA (TSI 3081, USA) and a condensation particle counter (CPC) (TSI 3022A, USA). The size distribution of the ambient aerosols was monitored continuously to deter mine the peak mode diameter of ultrafine particles (<100 nm) with the highest concentration. When enhanced ultrafine parti cle concentration was observed (i.e., ultrafine particle event), the particles with an ultrafine mode diameter were selected by the DMA and collected on a TEM grid using either a nano-aerosol sampler (TSI 3089, USA) or a filter sampler.
For the laboratory-generated aerosols tests, (NH 4 ) 2 SO 4 (Sigma Aldrich, USA) polystyrene latex (PSL)(84 ± 9 nm, Duke Scientific, USA), and NaCl (Sigma Aldrich, USA) parti cles were produced using a Collision atomizer (TSI 3076, USA). The water solution was continuously aerosolized into droplets through compressed air in the atomizer. Droplets containing any suspended particles or dissolved solids were dried out by a series of two diffusion driers. The liquid droplets contain ing suspended particles were evaporated through driers (i.e., water solvent was evaporated), enabling only the particles to be suspended in the air. Any dissolved solids in the droplets were crystallized during the drying process into particle phases in the air. A DMA was used to select particles of a specified mobility size.
As summarized in Table 1 , the fresh soot particles were pro duced from an acetylene flame, a candle flame, a kerosene flame, diesel exhaust, an electric arc, plastic burning, styrofoam burn ing, wood burning (white oak and pine bark), and rice straw burning. A 2 inch flame acetylene torch was used to produce acetylene flame soot particles that were sampled on a TEM grid at a dilution ratio of 17 and sampling time of 20 min. For the generations of candle and kerosene flame soot particles, a 10 inch shroud was used as a housing to prevent outside air from disturbing the flame. The generated soot particles were extracted through a 6 mm hole of the glass sampling probe with an internal diameter of 10 mm and diluted with 20 liter per minute (lpm) of clean dry air. Particles were collected at a flow rate of 1 lpm on a TEM grid which was taped on a filter holder. The height of flame for each fuel used was noted. To generate the diesel soot particles, particles were sampled from a diesel generator (Onan-Cummins powered by a three cylinder, 1.5 liter Isuzu en gine) operated at 4 kW and diluted with filtered air at a flow rate of 5 lpm and subsequently collected on a TEM grid using a filter sampler for a period of 40 min. A Palas electric arc (GfG 1000, USA) operated at 950 a.u. current was used to produce electric arc soot particles, which were subsequently diluted with air at a dilution ratio of 8 and collected on a TEM grid for a sampling duration of 40 min. A plastic bag and styrofoam burned in an aluminum can to produce soot. A stove was used to burn wood and rice straw and the soot was collected. For the wood com bustion particles, white oak was used to produce particles in the flame phase, while pine bark was used to produce particles in the smoldering phase. Both were sampled on a TEM grid at a dilution ratio of 40 and a sampling duration of 25 min. The dried rice straw, a common residue found in Korea after harvesting rice, was burned to produce the rice straw soot in both the flam ing and smoldering phases. The combustion conditions were identified by measuring the exhaust temperature and CO/CO 2 ratio. To determine the size distribution of the soot particles, the SMPS was used.
The TEM grid used in the study was carbon film coated 200 mesh copper grid (Electron Microscopy Sciences, USA). Sam ples were stored in a polystyrene Petri dish and equilibrated in a desiccating chamber at a constant temperature (∼25
• C), and relative humidity (∼20%) before imaging. Morphologies of in dividual particles using the TEM (JEOL JEM-2100, USA) and their elemental compositions were determined by Energy Dis persive Spectroscopy (EDS) (OXFORD INCAx-sight, USA). The TEM was operated at a 200 kV accelerating voltage and 102 µA beam current. By measuring the spectrum of blank ar eas between particles, the background signal of the TEM grid was corrected. Digital Micrograph 3 software (Gatan Inc., USA) was used for the TEM image analysis.
RESULTS AND DISCUSSION

Morphological and Elemental Classification of Laboratory-Generated Particles
To examine particle shape changes under a low vacuum con dition and high electron beam intensity in the TEM, (NH 4 ) 2 SO 4 , PSL, and NaCl particles were used. Figure 2 shows the TEM images of 100 nm mobility-classified (NH 4 ) 2 SO 4 particles at both low (left) and high (right) magnification (i.e., low and high electron beam intensity, respectively). The (NH 4 ) 2 SO 4 parti cles were spherical at low magnification, but had a residue with a beam-damaged outer area at high magnification, indicating that for non-refractory particles like (NH 4 ) 2 SO 4 , the original shape cannot be accurately determined at high magnification. On the other hand, NaCl and PSL showed no significant differ ence between low and high magnification. Their projected area equivalent sizes obtained from the TEM images were similar to the mobility size (100 nm) for NaCl and the specified size (84 nm) for PSL, also suggesting that the shape of such refrac tory particles remained unchanged.
To quantify the morphological properties of soot agglom erate that consists of spherical primary particles, the number and size of the primary particles, the fractal dimension, and the agglomerate size (e.g., length, width, projected area equivalent diameter) can be used. In this study, the soot particles are con sidered as having a chain-like agglomerated shape and a dom inant element of C in its background-corrected EDS spectrum. Table 2 summarizes morphological and elemental properties of the soot or carbonaceous particles tested in this study. Their cor responding TEM images are also shown in Figure 3 . Distinct dif ferences in the morphological properties among different types of soot particles were found. As shown in Table 2 , the kerosene flame soot showed the highest mean primary particle diameter (33.9 ± 17.5 nm), while the acetylene flame soot exhibited the lowest (23.5 ± 7.4 nm). Precursor carbon radicals and kinetic factors may affect the size distribution of primary particles. The precursor carbon radicals undergo carbonization, forming polycyclic aromatic hydrocarbons (PAH), which is the precursor of soot (Pugmire et al. 2002) . For example, the diesel exhaust soot and some of the flame soot, depending on the engine load and flame conditions, showed similar PAH composition and forma tion (Dobbins 2007) , leading to a similar primary particle size. The kinetic factors to form precursor molecules may also af fect primary particle size. The soot from burning styrofoam and plastic contained a significant amount of condensed species, as shown in Figures 3b and c , and their primary particles were indistinct.
The fractal dimension was determined by using the relation ship between the primary particles and the number of primary particles calculated from the projected areas of agglomerates as well as the ratio of the maximum length to primary particle diameter (Park et al. 2004 ). The mean value of the maximum length of the agglomerate ranged from 135 ± 42 nm (can dle flame soot) to 1157 ± 659 nm (kerosene flame soot). By considering the overlap of primary particles to calculate their number (Oh and Sorensen 1997) , we obtained a higher number of primary particles in the agglomerate, resulting in a higher fractal dimension. With the exception of the soots from elec tric arc, plastic burning, and styrofoam burning, the number of primary particles in all types of agglomerates showed a linear dependence on the ratio of the maximum length to the primary particle diameter, suggesting that they are all fractal-like. The fractal dimension of the soots from electric arc, plastic burning, and styrofoam burning was not determined due to their indistinct primary particles.
As shown in Figure 3 and Table 2 , the fractal dimension de creased as the agglomerate shape became more irregular and less compact. The candle flame and acetylene flame soot indicated the highest fractal dimensions (2.16 and 2.11, respectively), while kerosene flame and diesel soot had the lowest value (i.e., 1.69). In other words, the candle flame soot had the most com pact structures, while the diesel exhaust and kerosene flame soot had the most branched structures among the different types of soot tested. Based on fractal dimension analysis, the soot can be categorized as an aggregation either formed by particle-cluster (fractal dimension >2), the primary particles diffuse to a cluster of primary particles, or cluster-cluster (fractal dimension <2), the clusters of primary particles attach to each other.
Data for the particle mobility size distribution (Table 1) , measured with the SMPS, and length (Table 2) , measured with the TEM, showed that agglomerates produced from the laminar flame (i.e., acetylene and candle flames) had a more uniform size compared to those produced from the turbulent flame (i.e., kerosene), diesel engine combustion, and wood burning which produced both large and small agglomerates. This might have occurred because soot precursors coexist with agglomerates in the turbulent processes (Hu and Koylu 2004) . A laminar flame is characterized by the flame and smoke flowing in a uniform direction. In a turbulent flame, however, the flow of flame and smoke is chaotic. The kerosene flame generated very large ag glomerates and the heavy soot and aggregate collisions in the dense smoke observed in this flame may have contributed to the presence of superaggregates (Kim et al. 2006) .
In the smoldering phase of pine bark combustion, the ignited fuel charred and released smoke continuously, and particles were sampled directly from the smoke plume. Figure 4 shows TEM images of pine bark particles in the smoldering phase with a significant amount of spherical particles (i.e., tar ball, left fig  ure) . This is in contrast to particles from burning white oak in the flaming phase, as shown in Figure 3f . Mckenzie et al. (1995) reported that the pine bark burning had lower combustion ef ficiency, favoring the smoldering phase, and emitted a higher carbon monoxide (CO) concentration and less oxygenated or ganic species, compared to the other parts of ponderosa pine wood. We also found that these spherical particles were refrac tory, as they were not sensitive to the increased electron beam intensity (i.e., high magnification), and that they contained in organic species (e.g., S). As shown in Figure 5 , the acetylene flame, diesel exhaust, rice straw burning, and wood burning (white oak) soots all exhibited crystalline structures having ordered layers, while the plastic burning and wood burning (pine bark burning in the smoldering phase) soot showed an amorphous microstructure. The elec tric arc and styrofoam burning soot also showed an amorphous microstructure. The electric arc soot experienced a high cool ing rate. If the cooling rate is fast, carbon clusters do not have enough energy and time to have an ordered crystalline structure, leading to a disordered structure (Liu et al. 2004) . For polymers, the monomers formed upon heating are created by a scission of the chain (Panagiotou and Levendis 1994) . The polystyrene, a major component of the styrofoam container, had a branched structure with aromatics, while the polyethylene, a major com ponent of the plastic bag, had a straight chain structure. Both fuels were harder to burn than other fuels and their flames were faint with a low sooting. They also had a significant amount of condensable species. It is possible that these conditions led to the amorphous structure of their primary particles.
The EDS data, included in Table 2 , showed that C and O elements were found in all types of soot. Since elemental com position of particle free area was measured along with the EDS to account for background contribution, C, O, and Cu elements found in the EDS spectrum mostly come from particles. K and other inorganic species were detected in particles from wood (white oak and pine bark) burning and rice straw burning, sug gesting that K could be used as a marker for fresh soot particles from biomass burning. The presence of K and other inorganic species such as Ca, Mg, and S makes the soot from vegetative burning more polar, hygroscopic, and probably more prone to aging. A bulk analysis of the soot from wood smoke showed a substantial fraction of inorganic salt, possibly enhancing their water solubility and hygroscopicity (Mavrocordatos et al. 2002) . 
Morphological and Elemental Classification of Atmospheric Ultrafine Particles
The properties of mobility-classified ultrafine particles sam pled at the urban Gwangju, industrial Yeosu, and coastal Taean sites in Korea were investigated. Because of the diversity of atmospheric particles, we limited our attention to the ultrafine mode particles when an increase of ultrafine particle number concentration was observed, which was classified into photo chemical and combustion events by Park et al. (2008) . The number concentration of ultrafine particles was continuously monitored by the SMPS.
Our classification of atmospheric ultrafine particles is based on their morphology, elemental composition, and beam sensi tivity. The agglomerates were classified as either "fresh agglom erates" or "aged agglomerates." The "fresh agglomerate" con tained a major element of C along with a few minor elements and distinct primary particles, similar to the agglomerates reported in Table 2 and Figure 3 , while the "aged agglomerate" contained multi elements and a visible coating or were coagulated with other types of particle. Since it is difficult to identify source of agglomerated soot particles in the ambient air, the atmospheric soot particles were roughly classified into "fresh" and "aged" agglomerates. The classification of laboratory-generated soot particles, however, provides useful information on the type of soot particles, which may be observed in the other atmospheric or indoor condition. Figure 6a shows a fresh agglomerate with no visible coat ing and a major element of C in its EDS spectrum. Figure 6b shows an aged agglomerate which was included in the sphere, having multi elements (e.g., S, Si, C). This particle type is similar to those found by Okada et al. (2003) . When the elec tron beam in the TEM was intensified to magnify particle, the spherical species decomposed, suggesting that they are volatile. Figure 6c illustrates an aged agglomerate coagulated with spher ical particles, resulting in the existence of multi elements such as C, O, Si, S, K, and Fe. These aged agglomerates may have undergone atmospheric processing (i.e., condensation and coag ulation), leading to their more compact structure with additional chemical species (Zhang et al. 2008) . The restructuring may depend on the origin of the soot. For instance, the soot agglom erates from the electric arc may collapse into more compact agglomerates when they are exposed to high relative humidity, but the diesel-exhaust particles may exhibit only minimal re structuring due to the presence of a hydrophobic organic coating such as lubricating oil, PAHs, and unburned hydrocarbons (Xue et al. 2009 ). In addition, we classified the atmospheric ultrafine particles as either sulfate mixtures (spherical), metallic oxides (spherical and polygonal), C-rich refractory (spherical), C-rich non-refractory (spherical), Si-rich (spherical), Na-rich (porous), or P-containing (non-spherical) particles, as summarized in Table 3 . In case of sulfate mixtures they are spherical and usually contained S, coexisting with other elements. The classification of C-rich refractory (beam-resistant) and C-rich non-refractory (beam-sensitive) particles was determined by their response to the intensified electron beam in the TEM. The C-rich refractory particles were not agglomerated and had a major element of C, and exhibited no visible morphological change under the strong electron beam intensity in the TEM. Figure 7a shows a TEM image of a sulfate mixture parti cle. When the electron beam in the TEM was intensified, a hollow area was frequently observed, indicating the presence of volatilized materials (Okada and Heintzenberg 2003) . This type of spherical particle was particularly observed in the pho tochemical event (Park et al. 2008) . The corresponding EDS spectrum showed a minor S, suggesting that sulfates evaporated under strong electron beam and high vacuum conditions in the TEM. Figures 7b and c show Cu-rich and Zn-rich metallic oxide (polygonal), respectively. The metallic oxide particles, often ob served in urban and industrial sites, are opaque and often coated. The Si-rich particle is spherical and sometimes contains minor Al, possibly originating from fly ash in a polluted atmosphere Niemi et al. 2006) . The Na-rich particle contains Na, S, and K. The Na-S-K-O and porous morphology might be resulted from burning of biomass residuals or other waste ma terial (Niemi et al. 2006) . The P-containing particle usually has an abundant C with a minor P and may have a biological ori gin. Although microstructure of atmospheric particles was not examined in details, all of particles shown in Figures 6, 7 , and 8 seem to be amorphous except for some fresh agglomerates.
Regardless of above morphological and elemental classifica tion, two types of particles, refractory and non-refractory, can be identified based on their stability under high beam inten sity in the TEM. The non-refractory particles are volatilized in the TEM, leaving a residue, which is similar to the response of the laboratory-generated (NH 4 ) 2 SO 4 particles, as shown in Figure 2 . The non-refractory particles were the sulfate mixture and C-rich non-refractory particles. The particles classified as metallic oxides, C-rich refractory, Si-rich, and Na-rich, were refractory, comparable to the laboratory-generated PSL and NaCl particles, shown in Figure 2 . FIG. 6 . TEM and EDS data of agglomerate particles sampled in the ambient atmosphere for: (a) fresh agglomerate, (b) aged agglomerate (coated), and (c) aged agglomerate (coagulated).
Comparison of Atmospheric Ultrafine Particles Among Different Sites
The number of each type of atmospheric ultrafine particles classified above was determined among the three different sites during ultrafine particle formation events. Note that par ticles more volatile than (NH 4 ) 2 SO 4 were not included in the TEM analysis. Results for the laboratory-generated (NH 4 particles (<100 nm) showed that they did not evaporate under low electron beam intensity and partially evaporated under high electron beam intensity. The C-rich non-refractory particles defined here showed a similar behavior to the (NH 4 ) 2 SO 4 particles. Table 3 compares the number of each type of ultrafine particles in the three sampling sites. We observed relatively higher fraction of agglomerates (both fresh and aged) at the urban Gwangju site and the appearance of fresh agglomerates was consistent with the combustion event at this site (Park et al. 2008) . In this com bustion event, caused primarily by traffic and residential heating, the peak mode size of ultrafine particles was 70-100 nm, while a lower mode size (10-50 nm) was observed in the photochemical event. In the photochemical event at the urban Gwangju site, C-rich non-refractory and sulfate mixtures were often observed. The C-rich refractory, metallic oxide particles, and Si-rich particles are abundant at the industrial Yeosu site. The metallic oxides can be contributed by the steel industries at the Yeosu site. The Si-rich particles can originate from petrochemical industries where zeolites or silicates are abundantly used as catalysts (Mravec et al. 2005) . At the background Taean site the ultrafine particles were not as diverse as those from urban or industrial site, and few agglomerates were observed due to the absence of anthropogenic combustion sources in this area. FIG. 8 . TEM-EDS of: (a) Si-rich particle, (b) Na-rich particle, and (c) P-containing particle.
CONCLUSIONS
This study was conducted to examine morphological and elemental properties of fresh soot particles produced from a variety of fuels and processes, and to classify atmospheric ul trafine particles sampled at three ambient sampling sites (urban Gwangju, industrial Yeosu, and coastal background Taean) dur ing ultrafine particle formation event. A laboratory test showed a significant morphological change for non-refractory particles like (NH 4 ) 2 SO 4 (100 nm) between low and high magnification, while refractory NaCl (100 nm) and PSL (84 nm) showed no difference, suggesting that morphological properties of more volatile particles than (NH 4 ) 2 SO 4 cannot be accurately deter mined by the TEM method. Distinct differences in morphologi cal properties were observed among the different types of fresh soot particles. The diesel soot particles had the lowest fractal dimension (1.69), suggesting that they are the most irregular among the fresh soot particles tested here. An examination of the microstructures of the primary particles revealed that plas tic burning, styrofoam burning, electric arc, pine bark burning (in the smoldering phase), and rice straw burning (in the smol dering phase) soot had amorphous microstructures, while oth ers exhibited crystalline structures having ordered layers. The soot produced from burning wood and rice straw showed K in its EDS spectrum, potential marker for biomass burning emis sions. A comparison between wood combustion in the flaming phase (white oak) and the smoldering phase (pine bark) revealed that the flaming phase produced fractal-like particles, while the smoldering phase produced a significant number of tar ball-like particles (spherical). The atmospheric ultrafine particles were classified as being fresh agglomerate, aged agglomerate, sul fate mixture (spherical), metallic oxides (spherical and polygo nal), C-rich refractory, C-rich non-refractory (spherical), Si-rich (spherical), Na-rich (porous), or P-containing particles (non spherical). The fresh and aged agglomerates were found to be abundant at the urban Gwangju site, and C-rich non-refractory and sulfate mixtures were often observed in the photochemical event at this site. The Si-rich and C-rich refractory particles were abundant at the industrial Yeosu site. The coastal Taean site did not have as diverse particle types as compared to other sites and had least agglomerates due to limited anthropogenic combustion sources.
